Objective-The G-protein-coupled receptor APJ and its ligand apelin are highly expressed in the pulmonary vasculature, but their function in this vascular bed is unclear. We hypothesized that disruption of apelin signaling would lead to worsening of the vascular remodeling associated with pulmonary hypertension (PH). Methods and Results-We found that apelin-null mice developed more severe PH compared with wild-type mice when exposed to chronic hypoxia. Micro-computed tomography of the pulmonary arteries demonstrated significant pruning of the microvasculature in the apelin-null mice. Apelin-null mice had a significant reduction of serum nitrate levels. This was secondary to downregulation of endothelial nitric oxide synthase (eNOS), which was associated with reduced expression of Kruppel-like factor 2 (KLF2), a known regulator of eNOS expression. In vitro knockdown studies targeting apelin in human pulmonary artery endothelial cells demonstrated decreased eNOS and KLF2 expression, as well as impaired phosphorylation of AMP-activated kinase and eNOS. Moreover, serum apelin levels of patients with PH were significantly lower than those of controls. Conclusion-These data demonstrate that disruption of apelin signaling can exacerbate PH mediated by decreased activation of AMP-activated kinase and eNOS, and they identify this pathway as a potentially important therapeutic target for treatment of this refractory human disease. (Arterioscler Thromb Vasc Biol. 2011;31:814-820.)
P ulmonary hypertension (PH) is a rare clinical disorder with elevation of the pulmonary arterial pressures. 1 Clinical symptoms include dyspnea, cyanosis, and right-sided heart failure. A number of vasoactive factors have been described to play important roles in the progression of PH in both experimental and clinical settings, including prostacyclins, endothelin-1, and serotonins. [2] [3] [4] [5] Therapies targeting endothelial cell dysfunction have proven to be effective and are now used in the clinical setting. 6, 7 Apelin is a recently described ligand for the G-proteincoupled receptor APJ (APLNR). 8, 9 Apelin has been shown to be a potent regulator of cardiovascular function. Two main hemodynamic effects described for apelin are vasodilation and augmentation of cardiac inotropy. 10 -12 The apelin-APJ signaling paradigm represents an intriguing target in the pulmonary vasculature. Both apelin and APJ are highly expressed in the lungs, especially in the endothelium of the pulmonary vasculature. [13] [14] [15] The vascular effects of exogenous apelin administration have been described in a number of studies to date, the majority of which have documented a vasodilatory effect. 11, 16 Prior studies have also implicated nitric oxide (NO) as a downstream target of apelin. 17, 18 Given the breadth of evidence for the role of NO and endothelial nitric oxide synthase (eNOS) in PH, 19 -21 we hypothesized that the apelin pathway and its targeting of NO has a direct implication in the pathogenesis of PH.
Here we demonstrate that mice lacking the apelin gene develop worsening PH in response to hypoxia, mediated by downregulation of eNOS. We describe a novel mechanism involving AMP-activated kinase (AMPK) and Kruppel-like factor 2 (KLF2) as intermediaries that are critical mediators of apelin-APJ signaling in pulmonary artery endothelial cells (PAECs). We also found that patients with PH have significantly reduced levels of serum apelin, suggesting a potentially important relevance in the human disease. lines of the American Physiological Society. The apelin-null mice had been described previously. 13, 22 Mice on the SV129 background were used for the studies. Ten-to 12-week-old male mice were used for the studies.
Measurement of Serum Apelin Levels
The institutional review board of Stanford University School of Medicine approved the investigational procedures involved in this study. Plasma apelin-12 concentrations were measured with a commercial kit (Phoenix Pharmaceuticals, Burlingame, CA) as per the manufacturer's protocol.
Results

Pulmonary Apelin and APJ Expression Are Highly Regulated in the Chronic Hypoxia Model of PH
Previous studies have demonstrated robust expression of apelin and APJ in the pulmonary vasculature. 13, 23 In mice subjected to hypoxia, we found that there was a significant increase in total lung expression of apelin and APJ mRNA after 1 week of exposure (4.0Ϯ0.18-fold and 3.1Ϯ0.24-fold increase, respectively, PϽ0.001 for both), similar to our previous study ( Figure 1A ). 13 However, after 3 weeks of chronic hypoxia exposure, the levels of apelin and APJ expression had returned to the baseline.
Apelin-Null Mice Develop Worsening PH in Response to Hypoxia
We assessed right ventricular systolic pressures (RVSPs) as a surrogate of the pulmonary arterial pressures of the apelin-null mice. At baseline, the apelin-null mice had RVSPs comparable to those of wild-type controls ( Figure 1B ). However, when these mice were subjected to hypoxia for 3 weeks, they developed more severe PH compared with the wild-type mice (mean RVSP, 34.1Ϯ0.9 versus 28.3Ϯ0.9 mm Hg, PϽ0.001) ( Figure 1B ). Our previous study demonstrated no significant difference in left ventricular systolic function between the apelin-null and wild-type mice and no difference in the systolic blood pressure. 22 Morphometric studies of the lungs from the chronic hypoxia-exposed apelin-null mice and wild-type littermates were performed to assess evidence of vascular remodeling. Muscularization of the alveolar wall arteries was significantly greater in apelin-null mice compared with wild-type mice, as demonstrated by increase in the number of arteries staining positive for smooth muscle ␣-actin (32.4Ϯ1.9% versus 12.6Ϯ1.0%, PϽ0.001) ( Figure 1C ).
Micro-Computed Tomography of Pulmonary Arteries Demonstrates Defective Pulmonary Vasculature in the Chronic Hypoxic Apelin-Null Mice
To evaluate the possibility that apelin-null mice develop abnormalities of the pulmonary vasculature related to the worsening of the PH, we used micro-computed tomography techniques to determine the anatomy of the pulmonary arteries. Normoxia-and hypoxia-treated wild-type and apelin-null mice were imaged. Micro-computed tomography Figure 1 . Apelin-null mice are more susceptible to hypoxia-induced PH. A, Pulmonary apelin and APJ mRNA expression in chronic hypoxia-exposed mice. Graphs depict mouse apelin and APJ expression in response to hypoxia at 1 and 3 weeks (WK). nϭ5 mice in each group. B, Measurement of RVSPs in wild-type (ϩ/ϩ) and apelin-null (Ϫ/Ϫ) mice demonstrated a greater increase in RVSP in the apelin-null mice in response to hypoxia. nϭ7 to 10 mice per group. C, Staining for smooth muscle ␣-actin (red) demonstrated increased muscularization in hypoxia-treated apelin-null mice. Counterstaining is for von Willebrand Factor (brown). Graph represents the percentage of muscularization of the alveolar wall arteries.
images demonstrated no significant difference between the wild-type and apelin-null mice under normoxic conditions ( Figure 2A ). However, when subjected to chronic hypoxia, the apelin-null mice developed a greater loss of distal arteries compared with the wild-type mice. Quantitative analyses of the density of the distal arteries demonstrated no difference in the density of arteries with diameters of less than 75 m (9888Ϯ3168 versus 10 991Ϯ475, Pϭnot significant) or between 75 and 100 m (21 815Ϯ7172 versus 24 944Ϯ620, Pϭnot significant) under normoxic conditions ( Figure 2B ). However, after chronic hypoxia, the apelin-null mice had a significantly reduced number of arteries with diameters less than 75 m compared with the wild-type mice (4343Ϯ802 versus 6884Ϯ617, PϽ0.05) ( Figure 2B ). There was no significant difference in the arterial density with diameter between 75 and 100 m after chronic hypoxia (9797Ϯ731 versus 9802Ϯ821, Pϭnot significant).
We sought to validate our findings of the micro-computed tomography analysis by conducting morphometric analysis of lung histology in chronic hypoxia-exposed apelin-null and wild-type mice ( Figure 2C ). We found a significantly reduced number of vessels less than 75 m in the apelin-null mice compared with wild-type mice (3.3Ϯ0.3 versus 7.3Ϯ0.3 vessels per microscope field, PϽ0.01).
Apelin-Null Mice Have Decreased NO Synthesis
Given a prior study demonstrating a potential link between the apelin-APJ axis and NO, 12 we sought to determine the contribution of NO to the worsening PH in apelin-null mice. We measured serum nitrate as a surrogate for NO levels and found significantly lower nitrate levels in the apelin-null mice compared with wild-type mice (29.6Ϯ1 versus 129.4Ϯ37.7 mol/L, Pϭ0.01) ( Figure 3A ). To determine the mechanism of decreased serum nitrate, we evaluated expression of eNOS in the lungs. We found the levels of eNOS mRNA (2.3Ϯ0.06-fold decrease, PϽ0.001) and protein expression to be significantly decreased in the apelin-null mice compared with the wild-type mice ( Figure 3B ).
In Vitro Knockdown of Apelin in PAECs Leads to Decreased eNOS Levels
Given the decreased expression of eNOS in the lungs of apelin-null mice, we assessed whether disruption of apelin signaling in the endothelial cells can lead to decreased eNOS expression. Using short interfering RNA (siRNA) targeted against apelin, we transfected PAECs and found more than 90% inhibition of apelin expression, as determined by reverse transcription-polymerase chain reaction ( Figure 3C ). We found a significant reduction in expression levels of eNOS mRNA (4.7Ϯ0.08-fold reduction, PϽ0.001) and protein in the cells transfected with apelin siRNA ( Figure 3D ). In addition, knockdown of APJ also resulted in a statistically significant, albeit more modest, reduction in eNOS expression (Supplemental Figure I ).
KLF2 Is a Critical Intermediary for Apelin/APJ Regulation of eNOS Expression
To characterize the mechanism of eNOS downregulation in the context of impaired apelin signaling, we sought to evaluate known upstream regulators of eNOS transcription as a potential mediator. KLF2 is a well-known transcriptional regulator of eNOS, and a recent study has identified it as a known downstream target of AMPK. 24 AMPK, in turn, has been found to be a downstream target of apelin signaling in the context of skeletal muscle. 25 Indeed, we found that both KLF2 mRNA and protein levels were significantly reduced in the lungs of apelin-null mice (2.5Ϯ0.07-fold decrease, PϽ0.03) ( Figure 3E ). Knockdown of either apelin or APJ expression in PAECs also resulted in significant reduction of KLF2 expression in these cells (5.0Ϯ0.08-fold decrease, Pϭ0.01, and 5.3Ϯ0.01-fold decrease PϽ0.001, respectively) ( Figure 3F and Supplemental Figure I ).
Apelin Regulates Hypoxia-Mediated AMPK Activation in PAECs
Given the emerging evidence linking apelin with AMPK, as well as the regulation of KLF2 expression by AMPK, 24, 25 we sought to determine whether apelin targeting of KLF2 expression in PAECs is mediated by AMPK activation. We confirmed that activation of AMPK with 5-aminoimidazole-4-carboxyamide ribonucleoside is able to induce KLF2 expression in PAECs (Supplementary Figure II) . siRNAmediated knockdown of apelin in PAECs led to a significant decrease in phosphorylation of AMPK␣ and acetyl-CoA carboxylase, a downstream substrate of AMPK ( Figure 4A ). When PAECs were subjected to 24 hours of hypoxia (1% FiO 2 ), we found a robust increase in phosphorylation of AMPK␣ in cells transfected with control siRNA, but cells transfected with apelin siRNA did not mount a significant increase in phosphorylation of AMPK␣ or acetyl-CoA carboxylase in response to hypoxia ( Figure 4A ). In addition, we evaluated the phosphorylation state of eNOS in the setting of apelin knockdown. Previous studies have demonstrated increased eNOS phosphorylation in response to AMPK activa-tion. 26, 27 We found a significant reduction of phosphorylation of eNOS in the PAECs transfected with apelin siRNA at both baseline and with hypoxia ( Figure 4A) .
Given the marked reduction in hypoxia-induced AMPK phosphorylation in the setting of apelin knockdown, we sought to determine (1) whether KLF2 expression is also induced by hypoxia in PAECs and (2) whether this induction is also regulated by apelin. We initially found a robust increase in KLF2 expression in response to hypoxia in PAECs ( Figure 4B ). When these cells were subjected to apelin knockdown before hypoxia exposure, the KLF2 induction was completely abrogated ( Figure 4B ).
Humans With PH Demonstrate Decreased Serum Apelin Levels
Previous clinical studies have demonstrated changes in apelin levels in disease processes such as heart failure and diabetes mellitus. 28, 29 We measured the serum levels of apelin to determine whether patients with PH have lower levels of apelin. Serum was obtained from 23 patients with PH and 17 normal controls (Table) . The mean RVSP of patients with PH was markedly elevated (68.7Ϯ24.7 mm Hg). We found a significant reduction in serum apelin levels in patients with PH compared with healthy controls (0.89Ϯ0.08 versus 1.89Ϯ0.18 ng/mL, PϽ0.01) ( Figure 5 ). Subgroup analyses of the patients by the etiology of PH also demonstrated a significant reduction in serum apelin level, regardless of the subtype of PH population (Supplemental Figure III) .
Discussion
The role of apelin signaling in the pulmonary vasculature is beginning to be understood. Our present findings of increased RVSP and pulmonary arterial remodeling in hypoxia-exposed apelin-null mice suggest that apelin is an important homeostatic factor in the pulmonary arterial system. Furthermore, the apelinnull mice developed marked pulmonary vascular defects in response to hypoxia and exhibited disruption of eNOS signaling. We corroborated these data by finding that in vitro knockdown of apelin expression in PAECs led to decreased eNOS levels, as determined by reverse transcription-polymerase chain reaction and Western blot. This occurred in the context of decreased AMPK activation, which led to both decreased expression of KLF2 and decreased eNOS phosphorylation. In addition, patients with PH were found to have decreased serum apelin levels, suggesting that disruption of apelin signaling contributes to the pathogenesis of the clinical disease.
Recent studies have explored a potential role for augmentation of apelin signaling in ameliorating rodent models of PH. 30, 31 A study by Falcao-Pires et al suggests a minimal pulmonary vascular effect of exogenous apelin administration in the monocrotaline model of PH and suggests that the beneficial effect of apelin may be primarily myocardial. 30 However, our data suggest a direct effect of apelin signaling in the pulmonary vasculature. A study by Andersen et al 31 relies on ex vivo effects of apelin, the relevance of which to the in vivo animal models and clinical disease is limited. In addition, no prior study has directly linked apelin and eNOS in the context of the pulmonary endothelium, nor defined the mechanism by which apelin regulates eNOS expression and activation. Our current study identifies 2 novel targets of apelin signaling in PAECs-AMPK and KLF2-that function as critical intermediaries upstream of eNOS.
The role of eNOS in PH has been studied extensively. The remarkable similarity between apelin-null mice and previously described eNOS-null mice supports our conclusion of decreased eNOS expression as a mechanism of PH exacerbation in our apelin-null mice. Studies of eNOS-null mice have demonstrated that these mice are more susceptible to PH in response to hypoxia. 21, 32, 33 In addition, a number of clinical studies have implicated decreased NO levels and eNOS expression in patients with PH. 34 -36 It has also been shown that cell-based eNOS gene transfer was able to restore the microvascular loss in the monocrotaline model of PH. 37 Our current findings provide support for these prior studies, given the demonstrated loss of eNOS expression and microvasculature in the apelin-null mice. Prior studies have also demon-strated that hyperactivation of eNOS may lead to exacerbation of PH, 38, 39 suggesting that a strict, multifactorial regulation of eNOS expression and activation may be critical for maintenance of homeostasis of the pulmonary vasculature.
KLF2 regulation of eNOS expression has been well established. 40, 41 Emerging evidence suggests that KLF2 is dysregulated in rodent models of PH, and restoration of KLF2 expression may be able to ameliorate the severity of PH. 42 Our extension of the previous findings showing AMPK targeting of KLF2 expression 24 and apelin induction of AMPK phosphorylation 25 provides a novel mechanism that ultimately may lead to better understanding of eNOS regulation in PH. Although no prior studies have directly implicated AMPK in PH, metformin, a diabetes drug known to activate AMPK, has been shown to significantly improve the PH severity in both the chronic hypoxia and monocrotaline models of PH. 43 Our human data demonstrated reduced serum apelin levels in the largest cohort of PH patients to date. This provides an intriguing correlation with the data from our animal and in vitro studies. The exact mechanism by which apelin expression is decreased in patients with PH remains to be elucidated. A prospective study would potentially shed more light on the possible correlations of apelin levels with disease progression and response to therapeutics.
In summary, we found that mice with disruption of apelin signaling develop worsening PH and that this pathway is impaired in patients with PH. These findings point to a therapeutic potential for the apelin pathway in PH that needs further investigation. 
